Central glucagon-like-peptide-1 (GLP-1) receptor activation reduces food intake; however, brain nuclei and mechanism(s) mediating this effect remain poorly understood. Although central nervous system GLP-1 is produced almost exclusively in the nucleus of the solitary tract in the hindbrain, GLP-1 receptors (GLP-1R) are expressed throughout the brain, including nuclei in the mesolimbic reward system (MRS), e.g. the ventral tegmental area (VTA) and the nucleus accumbens (NAc). Here, we examine the MRS as a potential site of action for GLP-1-mediated control of food intake and body weight. Double immunohistochemistry for Fluorogold (monosynaptic retrograde tracer) and GLP-1 neuron immunoreactivity indicated that GLP-1-producing nucleus tractus solitarius neurons project directly to the VTA, the NAc core, and the NAc shell. Pharmacological data showed that GLP-1R activation in the VTA, NAc core, and NAc shell decreased food intake, especially of highly-palatable foods, and body weight. Moreover, blockade of endogenous GLP-1R signaling in the VTA and NAc core resulted in a significant increase in food intake, establishing a physiological relevance for GLP-1 signaling in the MRS. Current data highlight these nuclei within the MRS as novel sites for GLP-1R-mediated control of food intake and body weight. (Endocrinology 153: 647-658, 2012) T he incidence of obesity and type 2 diabetes mellitus (T2DM) has risen dramatically in the United States over the past several decades. Given the associated physiological impairments that exist between T2DM and obesity, a range of reports have focused attention on the merits of the glucagon-like-peptide-1 (GLP-1) system in offering positive treatment outcomes for T2DM (1-3) and, in some cases, for obesity as well (3-5). Indeed, GLP-1 receptor (GLP-1R) agonists reduce food intake in both humans and animal models (4 -12). Recent evidence indicates that the intake-suppressive effects of GLP-1R ligands are mediated, in part, through direct central GLP-1R signaling after either peripheral or central administration (12-15) ; however, the nuclei and mechanism(s) mediating these effects remain largely uninvestigated. GLP1-R are expressed in multiple central nervous system (CNS) nuclei including classic homeostatic feeding sites in the hypothalamus (e.g. paraventricular nucleus of the hypothalamus) and hindbrain [e.g. nucleus tractus solitarius (NTS)] (16, 17). Although food intake responses after GLP-1R ligand administration have been explored for these homeostatic feeding centers (18 -22), the role of GLP-1R signaling in brain regions that are linked with the nonhomeostatic control of feeding, such as the mesolimbic reward system (MRS), have only recently begun to be investigated (23).
T
he incidence of obesity and type 2 diabetes mellitus (T2DM) has risen dramatically in the United States over the past several decades. Given the associated physiological impairments that exist between T2DM and obesity, a range of reports have focused attention on the merits of the glucagon-like-peptide-1 (GLP-1) system in offering positive treatment outcomes for T2DM (1) (2) (3) and, in some cases, for obesity as well (3) (4) (5) . Indeed, GLP-1 receptor (GLP-1R) agonists reduce food intake in both humans and animal models (4 -12) . Recent evidence indicates that the intake-suppressive effects of GLP-1R ligands are mediated, in part, through direct central GLP-1R signaling after either peripheral or central administration (12) (13) (14) (15) ; however, the nuclei and mechanism(s) mediating these effects remain largely uninvestigated. GLP1-R are expressed in multiple central nervous system (CNS) nuclei including classic homeostatic feeding sites in the hypothalamus (e.g. paraventricular nucleus of the hypothalamus) and hindbrain [e.g. nucleus tractus solitarius (NTS)] (16, 17) . Although food intake responses after GLP-1R ligand administration have been explored for these homeostatic feeding centers (18 -22) , the role of GLP-1R signaling in brain regions that are linked with the nonhomeostatic control of feeding, such as the mesolimbic reward system (MRS), have only recently begun to be investigated (23) .
The ventral tegmental area (VTA) and the nucleus accumbens (NAc) of the MRS play a critical role in the control of food intake (see Refs. 24 and 25 for review). Beyond taste afferent signaling modulating dopamine and opioid processing within these nuclei (26, 27) , recent attention has been devoted to understanding how peripheral neuropeptides, typically studied for their homeostatic control of energy balance through action in the hypothalamus and hindbrain (e.g. leptin and ghrelin), also regulate food in-take through signaling in the MRS (23, 28 -33) . Should GLP-1R ligands reduce food intake via direct activation of the MRS, it is possible that these intake-inhibitory effects would occur through modulation of higher-order aspects of food acquisition, potentially affecting reward and motivation (24, 25) . Here, we test the hypothesis that GLP-1R ligands reduce food intake in the CNS through MRS signaling.
Preproglucagon (PPG, which is cleaved into GLP-1)-expressing neurons are located in the CNS almost exclusively in the caudal NTS (34) and are required for normal control of food intake (14) . Interestingly, NTS neurons of unknown phenotype project to many brain regions in the hindbrain, midbrain, and forebrain, including the VTA and NAc, and GLP-1 mRNA and immunopositive fibers are found in the VTA and NAc (17, 35) . However, the presence of GLP-1R mRNA or immunocytochemical detection of GLP-1 fibers does not prove a direct monosynaptic NTS PPG projection to these nuclei. Thus, whether PPG-expressing neurons themselves project to the VTA is unknown, and if so, whether GLP-1 signaling via these potential projections contributes to food intake control. Similarly, GLP-1 projections to the NAc (23) also require further assessment in control of food intake. This report therefore focuses on whether 1) CNS GLP-1-producing neurons (i.e. PPG neurons) in the NTS project directly to the VTA, and NAc and 2) the intake-inhibitory effects of GLP-1 ligands involve a reduction in the rewarding value of food via activation of GLP-1R in the VTA and NAc.
Here, we employ double-immunohistochemical (IHC) and pharmacological techniques to study the neuroanatomical connections from PPG neurons in the NTS to the VTA, NAc core, and NAc shell and to examine the feeding effects of GLP-1R signaling in these nuclei. Current data indicate that GLP-1R activation in both the VTA and the NAc core and shell reduces food intake, especially intake of highly-palatable foods, and that this occurs endogenously through direct GLP-1 projections from the NTS to the VTA and NAc core.
Materials and Methods

Subjects and drugs
Male Sprague Dawley rats (Charles River Laboratories, Wilmington, MA) were housed individually in hanging, wire-bottom cages in a 12-h light, 12-h dark cycle and had ad libitum access to pelleted chow (Purina Rodent Chow, 5001; Ralston Purina Co., Battle Creek, MI) and water except when noted. All procedures conformed to the institutional standards of the University of Pennsylvania animal care and use committee.
The long-acting GLP-1R agonist Exendin-4 (American Peptide Co., Sunnyvale, CA) and the GLP-1R antagonist Exendin-9 (American Peptide Co.) were dissolved in artificial cerebrospinal fluid (aCSF). The monosynaptic retrograde tracer Fluorogold (Fluorochrome LLC, Denver, CO) was diluted to 2% in distilled water.
Surgery
Under ketamine (90 mg/kg), xylazine (2.7 mg/kg), and acepromazine (0.64 mg/kg) anesthesia and analgesia (metacam, 2 mg/kg), rats were stereotaxically implanted with a 26-gauge bilateral guide cannula (Plastics One, Inc., Roanoke, VA) directed at the VTA alone or together with a unilateral cannula directed at either the NAc core or the NAc shell according to the following coordinates. VTA guide cannulae were positioned Ϯ0.5 mm lateral from midline, 6.8 mm posterior from bregma, and 6.6 mm ventral from skull, with the injector aimed 8.6 mm ventral from skull. NAc core guide cannulae were positioned Ϯ1.4 mm lateral from midline, 2.5 mm anterior to bregma, and 4.5 mm ventral from skull, with the injector aimed 6.5 mm ventral from skull. NAc shell guide cannulae were positioned Ϯ1.0 mm lateral from midline, 2.5 mm anterior to bregma, and 5.3 mm ventral from skull, with the injector aimed 7.3 mm ventral from skull. Intraparenchymal injection sites were confirmed histologically via pontamine sky blue injections (100 nl).
Experimental procedures
Experiment 1: Fluorogold tracing and double immunohistochemistry
Rats were lightly anesthetized and received a 100-nl bilateral VTA (n ϭ 4), unilateral NAc core (n ϭ 6), or unilateral NAc shell (n ϭ 4) injection of 2% Fluorogold via a high-pressure automated syringe pump (PHD Ultra; Harvard Apparatus, Holliston, MA). Rats were deeply anesthetized 3 d later and transcardially perfused with 0.1 M PBS, pH 7.4, followed with 4% formalin in 0.1 M PBS. Brains were removed and postfixed in 4% formalin for 6 h and were subsequently stored in 20% sucrose in 0.1 M PBS at 4 C for 3 d. Coronal sections (35 m) were cut from the hindbrain using a cryostat (Leica 3050S; Leica Corp., Deerfield, IL). Brain sections were stored in 0.1 M PBS at 4 C until the start of IHC. Double IHC for Fluorogold and PPG was conducted according to modified previous procedures (36 -38) . Briefly, brain sections were washed with 50% ethanol and Tris-PBS with 0.1% Triton-X. Sections were incubated on a shaker at room temperature for 1 h with a blocking solution [10% donkey serum (Jackson Immunoresearch Laboratories, West Grove, PA) in 0.1 M PBS]. Sections were subsequently incubated at room temperature with the primary antibody for PPG [GLP-1 (7-37) antiserum, Bachem Americas, Torrance, CA] at a 1:2000 concentration for 18 h, and then with a donkey antirabbit fluorescent secondary antibody (Dylight 488; Jackson ImmunoResearch Laboratories) at a 1:500 concentration for 2 h. For Fluorogold immunoreactivity, sections were again incubated at room temperature with the blocking solution followed by incubation with the antibody for Fluorogold (Fluorochrome, LLC) at a 1:2000 concentration for 18 h. Sections were then incubated with a donkey antirabbit fluorescent secondary antibody (Dylight 549; Jackson ImmunoResearch Laboratories). Using fluorescence microscopy (Nikon 80i; NIS-Elements AR 3.0) at ϫ10 and ϫ20 magnification, neurons expressing PPG and Fluorogold immunoreactivity were semiquantified by two separate experimenters blinded to treatment conditions from all coronal sections of the caudal brain stem between Ϫ14.8 mm to Ϫ14.1 mm from bregma, according to the stereotaxic atlas of Paxinos and Watson (39).
Experiment 2: effects of GLP-1R activation in the VTA on food intake
To evaluate the effects of GLP-1R activation in the VTA on sucrose and chow intake, overnight food-deprived (16 h) rats received unilateral injections of aCSF or exendin-4 (0.025 or 0.05 g in 100 nl; n ϭ 9 -11) directed to the VTA 1 h after onset of the light cycle. Exendin-4 dose selections were based on our recent reports showing that a dose of 0.025 g is subthreshold for intake suppression when administered intracerebroventricularly (40) . Sucrose (15%) was presented immediately after injections, and intake was measured to the nearest 0.1 ml every 10 min for 1 h. After sucrose access, chow was replaced and intake was recorded to the nearest 0.1 g at 1 h, 4 h, and 23 h after its return (2 h, 5 h, and 24 h after injection), accounting for spillage. Body weight measurement was recorded 24 h after injection.
To evaluate the effects of GLP-1R activation in the VTA on high-fat (HF; 60% kcal from fat) diet (Research Diets, New Brunswick, NJ) and chow intake, nondeprived rats received unilateral injections of aCSF or exendin-4 (0.025 or 0.05 g in 100 nl; n ϭ 18) directed to the VTA immediately before onset of the dark cycle. Rats were given simultaneous access to both HF diet and chow, and intake and spillage measurements were made to the nearest 0.1 g at 1 h, 3 h, 6 h, and 24 h after injection. Body weight measurement was recorded 24 h after injection.
In addition to postmortem histological verification, VTA cannulae placement was functionally verified by measurement of an increase in 1 h sucrose intake after unilateral injection of DAMGO (5 nmol) as previously described (41, 42) .
Experiment 3: Effects of GLP1-R activation in the NAc core and shell on food intake
To evaluate the effects of GLP-1R activation in the NAc core and shell on 15% sucrose and chow intake, overnight fooddeprived (16 h) rats received counterbalanced unilateral injections of aCSF or exendin-4 (0.025 or 0.05 g in 100 nl) directed to either the NAc core (n ϭ 7) or shell (n ϭ 8) 1 h after onset of the light cycle. Intake of sucrose and chow, as well as 24-h body weight change, was measured as described above.
To evaluate the effects of GLP1-R activation in the NAc on HF diet and chow intake, nondeprived rats received counterbalanced unilateral injections of aCSF or exendin-4 (0.025 or 0.05 g in 100nl) directed to either the NAc core (n ϭ 9) or shell (n ϭ 9) immediately before onset of the dark cycle. Intake of HF diet and chow, as well as 24 h body weight change, was measured as described above.
Experiment 4: Effects of GLP-1R blockade in VTA, NAc core, and NAc shell on food intake
To evaluate the effects of GLP1-R blockade in the VTA (n ϭ 12), NAc core (n ϭ 11), and NAc shell (n ϭ 12) on HF diet intake, nondeprived rats received injections of aCSF or exendin-9 (10 g in 200 nl) directed to either the VTA, NAc core, or NAc shell immediately before onset of the dark cycle. HF diet intake and 24 h body weight change were measured as described above.
Experiment 5: pica effects of GLP-1R activation
Chow-maintained rats were first habituated to ad libitum access to kaolin pellets (Research Diets; K50001) for 1 wk. Probe recordings of kaolin intake conducted during the habituation phase demonstrated that baseline kaolin intake was negligible (average Ͻ 0.5 g; data not shown).
To evaluate whether GLP-1R activation in the VTA (n ϭ 13), NAc core (n ϭ 5), or NAc shell (n ϭ 5) elicits a pica response, rats received aCSF or exendin-4 (0.05 g in 100 nl) directed to either the VTA, NAc core, or NAc shell. Chow intake, kaolin intake, and body weight change were measured at 24 h. Spillages of chow and kaolin were accounted for as described above.
Data and statistical analyses
Data for each respective study were analyzed separately and expressed as mean Ϯ SEM. For all experiments, comparisons between treatment means were analyzed by one-way ANOVA and, if appropriate, post hoc Tukey test. All statistical analysis was conducted using STATISTICA software (StatSoft, Tulsa, OK). Differences of P Ͻ 0.05 were considered statistically significant.
Results
Experiment 1: PPG-expressing neurons in the NTS project directly to the VTA and the NAc
Analysis of total PPG-expressing NTS neurons in 35-m coronal hindbrain sections between Ϫ14.8 mm and Ϫ14.1 mm from bregma, according to the atlas of Paxinos and Watson (39) , showed an average of 12.1 Ϯ 1.4 PPG neurons per coronal section. Semiquantification of double IHC for PPG neurons and Fluorogold immunoreactivity revealed that 32.4 Ϯ 2.3%, 41.5 Ϯ 7.0%, and 46.8 Ϯ 6.5% of NTS PPG-expressing neurons project directly to the VTA, NAc core, and NAc shell, respectively (Fig. 1B) . Additionally, semiquantification of double IHC for PPG neurons and Fluorogold immunoreactivity revealed that 30.3 Ϯ 7.8%, 46.0 Ϯ 2.5%, and 31.5 Ϯ 6.5% of NTS neurons expressing Fluorogold traced from VTA, NAc core, and NAc shell, respectively, expressed immunoreactivity for PPG (Fig. 1C) . Representative images of double-labeled GLP-1-producing neurons in the NTS after Fluorogold injections in the VTA, NAc core, and NAc shell are shown in Fig. 1, D, 1E , and 1F, respectively.
Experiment 2: GLP-1R activation in the VTA reduces food intake
Overnight food-deprived (16 h) rats unilaterally injected in the VTA with the GLP-1R agonist exendin-4, at doses previously determined (40) to be either subthreshold for effect in the ventricle (0.025 g/100 nl) or just above threshold (0.05 g/100 nl), showed a significant suppression of 15% sucrose intake at 20, 30, 40, 50, and 60 min after injection ( Fig. 2A) compared with vehicle-treated rats. The magnitude of sucrose intake sup-pression by exendin-4 plateaued by 30 min for both doses of exendin-4. Both doses of exendin-4 significantly reduced 24 h change in body weight (Fig. 2C) . Additionally, overall ANOVA revealed a trend for suppression of 24-h chow intake (Fig. 2B) .
Rats who received 0.025 g and 0.05 g exendin-4 in the VTA given ad libitum access to both chow and HF diet (60% kcal from fat) showed significantly decreased HF diet intake at 6 h and 24 h (Fig. 2D) , increased chow intake at 3 h (Fig. 2E) , and reduced 24-h body weight gain (Fig.   2F ) compared with intraparenchymal delivery of aCSF. The profile of food intake change after VTA GLP-1R activation when animals are given access to both chow and HF diet suggests a possible preference shift away from highly-palatable foods.
Experiment 3: GLP-1R activation in the NAc reduces food intake
Overnight food-deprived (16 h) rats unilaterally injected in the NAc core with exendin-4 (0.025 or 0.05 g) 
showed a significant suppression of 15% sucrose intake at 20, 30, 40, 50, and 60 min after injection (Fig. 3A) compared with vehicle-treated rats. The magnitude of sucrose intake suppression plateaued by 40 min for both doses of exendin-4. However, exendin-4 directed to the NAc shell did not significantly alter intake of 15% sucrose at any time point (Fig. 4A) . Likewise, 24 h chow intake and change in body weight were unaffected by exendin-4 delivery to either the NAc core or shell in overnight fooddeprived rats (data not shown). Unilateral injection of 0.05 g exendin-4 directed to the NAc core of rats with ad libitum access to both chow and HF diet significantly reduced HF diet intake at 3 h, 6 h, and 24 h (Fig. 3B) and produced a significant reduction in 24-h body weight gain (Fig. 3D) . NAc core-directed injection of 0.025 g exendin-4 significantly reduced HF diet intake at 24 h (Fig. 3B) . Unilateral injection of 0.05 g exendin-4 directed to the NAc shell of rats with ad libitum access to both chow and HF diet significantly reduced HF diet intake at 6 h and 24 h (Fig. 4B) . Overall ANOVA showed a significant increase in chow intake at the 3 h time point for rats that received exendin-4 directed to the NAc shell (Fig.  4C) . Additionally, there was a strong trend for a reduction in 24-h body weight change (Fig. 4D) ; planned comparisons showed a significant suppression of body weight for 0.05 g exendin-4 when directed to the NAc shell compared with vehicle.
Experiment 4: Exendin-9 in the VTA increases food intake
Blockade of GLP-1R in the VTA by unilateral injection of 10 g exendin-9 directed to the VTA significantly increased HF diet intake at 3 h and 6 h compared with intake after vehicle injections (Fig. 5A) . Blockade of GLP-1R in the NAc core by unilateral injection on 10 g exendin-9 directed to the NAc core significantly increased HF diet intake at 1 h and 3 h compared with intake after vehicle injections (Fig. 5B) . No significant changes in food intake occurred with GLP-1R blockade in the NAc shell (Fig.  5C) ; no effects on body weight occurred with GLP-1R blockade in the VTA (Fig. 5D ), NAc core (Fig. 5E) , or NAc shell (Fig. 5F ). Unilateral injection of 0.05 g exendin-4 directed to the VTA, NAc core, or NAc shell of rats with ad libitum access to chow and kaolin resulted in no change in chow intake, kaolin intake, or body weight change at 24 h compared with vehicle (Fig. 6) . 
Discussion
GLP-1R signaling in the CNS reduces food intake in both humans and animal models (7, 9 -12, 40); however, the brain nuclei mediating this effect are unknown. Given that the CNS control of food intake involves cross communication between classic homeostatic feeding (e.g. NTS, hypothalamus) and higher-order/hedonic nuclei (e.g. VTA, NAc) (25, 43, 44) , it is possible that the intake suppression by GLP-1 involves action in homeostatic centers as well as modulation of the rewarding value of food via direct activation of the MRS. Here, we use double IHC to establish a direct connection from PPG-expressing neurons in the NTS to the VTA, NAc core, and NAc shell. Data suggest that these projections are physiologically relevant for food intake control as blockade of GLP-1R in the VTA and NAc core resulted in a significant increase in HF diet intake. Conversely, when pharmacologically activated, GLP-1R signaling in these MRS nuclei reduced food intake and body weight. The collective findings support the hypothesis that the CNS GLP-1 system controls for food intake and body weight regulation, in part, through direct action in the MRS. There are direct projections from the NTS to the VTA and NAc (35) , and in situ hybridization and immunocytochemisty confirm the presence of GLP-1R mRNA and GLP-1-immunopositive fibers, respectively, in both the VTA and NAc (17, 35) . Although these data are informative about possible sites of action for GLP-1, this evidence does not directly establish monosynaptic projections from GLP-1-producing NTS neurons to the VTA or NAc, because it is possible that both of these techniques are identifying GLP-1 fibers of passage. Additionally, these aforementioned findings do not confirm that GLP-1 signaling in the VTA and NAc is relevant to food intake control. Using a similar strategy as Larsen et al., (34) , we performed double IHC for Fluorogold (injected in the VTA, NAc core, or NAc shell) and PPG-expressing neurons in the caudal NTS. Semiquantitative analysis revealed that total PPGexpressing neurons in the caudal NTS were comparable to previous reports (37, 45) . Further, approximately 32%, 42%, and 47% of NTS PPG-expressing neurons project directly to the VTA and the NAc, respectively. As indicated, this finding represents semiquantification, because it is possible that not all PPG axon terminals took up the Fluorogold tracer when injected into the VTA or NAc. Likewise, we cannot completely eliminate the possibility that Fluorogold was taken up by fibers of passage that were damaged during drug injection into the VTA and NAc. Nonetheless, such physical damage occurs with any method of intraparenchymal drug delivery. Moreover, it has been previously shown that Fluorogold is not taken up by undamaged fibers of passage (46), thus minimizing the likelihood of false Fluorogold tracing. The identification of direct NTS GLP-1 projections to the VTA and NAc provides a potential functional connection and mechanism by which central GLP-1 may control for food intake. Indeed, blockade of GLP-1R in the VTA and NAc core resulted in a significant increase in HF diet intake, indicating that under normal physiological circumstances, endogenous CNS GLP-1 signaling in the MRS is involved in the regulation of feeding behavior. It is interesting to note however, that although pharmacological activation of GLP-1R in the VTA and NAc produces a reduction in HF diet intake that persist for at least 24 h, the significant increase in food intake following blockade of GLP-1R by exendin-9 -39 was of shorter duration. Given the limited knowledge of pharmacokinetics and degradation rates for both exendin-4 and exendin-9 -39 when administered centrally, we can only speculate that these differences may be related to the drugs' pharmacodynamics. To more extensively investigate the behavioral mechanisms by which GLP-1R activation in the VTA and the NAc reduces food intake, we administered the long-acting GLP-1R agonist exendin-4 in the VTA, the NAc core, and the NAc shell. In overnight food-deprived rats, exendin-4 delivered to the VTA dramatically reduced 1 h sucrose intake, 24 h chow intake, and 24 h body weight. In a separate paradigm in which animals were not food deprived, exendin-4 in the VTA significantly reduced HF diet intake. Similarly, when exendin-4 was directed to both the NAc core and the NAc shell, intake of HF diet was significantly reduced. Previous reports have shown that systemic (47) or forebrain intracerebroventricular (48) administration of GLP-1 reduces intake of sucrose solutions under sham feeding conditions (eliminating any postingestive consequences of the sucrose), suggesting a possible role for GLP-1R signaling in the modulation of orosensory positive feedback that drives intake of preferred foods. Therefore, it is interesting to note that exendin-4 delivered to the NAc core, but not to the shell, produced a significant reduction of sucrose intake. Thus, a speculative interpretation of these results would be that GLP-1R signaling in the NAc core plays a more important role than GLP-1 signaling in the NAc shell in control of carbohydrate intake or preference under food deprivation conditions. However, such an interpretation regarding NAc GLP-1 signaling modulating macronutrient selection or orosensory processing requires further testing. Interestingly, when animals are tested under ad libitum fed conditions, and rats were given the choice to consume standard chow or HF diet after injection of exendin-4 into the VTA, Nac core, or shell, the rats ate significantly less HF diet, but there were modest increases in chow intake. However, when animals were only maintained on chow (with kaolin access), exendin-4 injections into the VTA, NAc core, or shell were unable to significantly suppress intake of chow. Taken together, data suggest that MRS GLP-1 signaling may reduce food intake by decreasing the motivation to feed and/or the rewarding value of highly-palatable foods specifically. Both of these postulations, however, require further investigation.
Although the data clearly demonstrate that GLP-1R signaling in the MRS reduces food intake, the intracellular signaling cascades, neurotransmitters/signaling molecules and downstream neural pathways mediating this effect remain unknown. Drug addiction research has established that reward-related processing involves dopaminergic projections from the VTA to the NAc and to other forebrain structures (49, 50) ; similar pathways may also mediate the rewarding aspects of food intake (24, 51) . Indeed, palatable food stimulates dopamine (DA) transmission in the NAc (52-54), and mice lacking tyrosine hydroxylase (enzyme involved in DA synthesis) consume less of a preferred sugar solution than control mice (55) . Thus, previous research suggests that DA signaling is involved in the regulation of food intake, especially of highly-palatable foods. Given that the VTA and NAc have dense reciprocal projections (along with projections to many other nuclei involved in learning, memory, emotion, etc.), and that the dopaminergic projections from VTA to NAc are well established, it is plausible that the reduction in food intake via GLP-1R activation in the VTA and NAc involves an inhibition of DA signaling. If GLP-1R signaling in the VTA and NAc involves modulation of DA signaling, it is also unclear whether this occurs through presynaptic or postsynaptic inhibition of DA release. In addition to DA, it has been proposed that opioid, ␥-aminobutyric acid, and glutamate signaling in the MRS are also involved in regulating feeding behavior (25, 41, 56 -59) . Thus, any of the aforementioned neurotransmitters/neuropeptides may be mediating the food intake-inhibitory effects of GLP-1 signaling in the MRS and require further investigation. Given that the MRS is involved in the processing of not only motivational state and rewarding stimuli, but also in the mediation of aversive-like behaviors (see Ref. 60 for review), an important question is whether GLP-1R signaling in the VTA and NAc reduces intake by producing nausea/malaise. This question is underscored by clinical findings showing that 5-50% of patients prescribed longacting GLP-1R ligands report feelings of nausea and malaise (61) (62) (63) and by the fact that GLP-1 administered centrally can produce a conditioned taste aversion/avoidance (CTA) in rats (22) . In rodents that lack the anatomy and physiology necessary for vomiting, two quantitative experimental models are available for the behavioral study of nausea/malaise: 1) CTA, which is the aversion to or avoidance of flavors or foods paired with illness or change in the homeostatic state, and 2) pica, which is the consumption of nonnutritive substances (e.g. kaolin clay) ex- clusively in response to nausea-inducing agents (64, 65) . A limitation to the CTA paradigm that has been previously described by Parker et al. (66) is that rodents learn to avoid any food or flavor that predicts a change in affective homeostatic state, a change that does not necessarily require a nausea component. To avoid this limitation, we use the pica model to demonstrate that GLP-1R activation in the VTA, NAc core, or NAc shell does not produce a pica response. The absence of kaolin ingestion supports the hypothesis that the intake-suppressive effects of palatable foods produced by GLP-1 signaling in these MRS nuclei does not occur as a result of the induction of nausea. Such a finding has strong clinical relevance for future GLP-1-based therapies aimed at targeting specific CNS GLP-1R populations for the treatment of obesity with reduced incidence of aversive events (i.e. nausea/vomiting). Current data suggest that an endogenous central source of GLP-1 has a functional connection to the MRS, because GLP-1-producing NTS neurons project directly to the VTA and Nac, and blockade of GLP-1R in these nuclei results in a significant increase in HF diet intake. Additionally, peripheral exogenous administration of GLP-1R ligands, which reduce food intake in both humans (10, 11) and animal models (7, 67) do, in fact, enter the brain (16) and activate central GLP-1R to reduce food intake (13, 15) . Thus, it is possible that peripheral administration of the FDA-approved GLP-1R agonists [e.g. exenatide (brand name Byetta) and liraglutide (brand name Victoza)] may reduce food intake, in part, through activation of MRS GLP-1R. This notion, supported by current findings, may therefore have implications for the approach to developing novel pharmacological therapeutics for the treatment of obesity. The more pronounced reduction of highly-palatable food by GLP-1R signaling in the MRS may be particularly useful in combating obesity, because one contributing factor to the development of this disease is the increased environmental availability of food with HF and sugar content (68, 69) .
In summary, double IHC indicates that PPG-producing neurons in the NTS project directly to the VTA, NAc core, and NAc shell and provide a functional connection and mechanism by which central GLP-1 may reduce food intake. These connections are physiologically relevant for the normal control of feeding behavior, because blockade of GLP-1R in the VTA and NAc resulted in a significant increase in intake of HF diet. When pharmacologically activated, GLP-1R signaling in the VTA, NAc core, and NAc shell reduces overall food intake, especially intake of highly-palatable foods. These data highlight aforementioned nuclei within the mesolimbic reward system as novel sites where GLP-1R signaling controls food intake and body weight and potentially influences higher-order processing for reward and motivational behaviors.
